Perovskite BiFeO3-SrTiO3 ceramics have been prepared using solid-state reactions. Also, effects of SrTiO3 content on the crystal structure and magnetic properties of a BiFeO3-SrTiO3 system have been studied. Single-phase perovskite BiFeO3-SrTiO3 ceramics have been fabricated/ Pure BiFeO3 ceramics contain a small amount of a second phase, such as Bi36Fe2O57 in perovskite BiFeO3. The crystallographic symmetry of BiFeO3-SrTiO3 changes from rhombohedral to cubic when SrTiO3 exceeds 20 mol%. Moreover, Mn doping to BiFeO3-SrTiO3 is very effective in controlling the grain growth and improving the sintered density. In particular, dielectric loss for the resultant ceramics is greatly reduced by Mn doping. The rhombohedrally distorted 0.9BiFeO3-0.1SrTiO3 shows a high Curie temperature (> 750°C) and weak ferromagnetism at 10-300 K.
Introduction
Multiferroic materials, which exhibit the coexistence of ferroic orderings such as ferroelectricity and ferromagnetism, are considered to offer potential in novel devices such as information storage memories and sensors. Among these types of material, BiFeO3 is well known to have ferroelectric (TC: 1103 K) and antiferromagnetic (TN: 643 K) properties. 1) The crystal structure of BiFeO3 is a rhombohedrally distorted perovskite. 2) It is also known to exhibit weak ferromagnetism at room temperature due to a residual moment from a canted spin structure. 3) Spontaneous polarization of a BiFeO3 single crystal measured in liquid nitrogen is reported to be 3.5 μC/cm 2 along the <100> direction and 6.1 μC/cm 2 along the <111> direction. 4) However, the preparation of 100% pure BiFeO3 ceramics is usually difficult because of the low stability of Bi in perovskite BiFeO3. Therefore, BiFeO3-ABO3 solid-solution systems have attracted great attention as a means to increase structural stability. 5)-8) Another problem with BiFeO3-based ceramics is their low electrical resistivity, which affects the measurement of dielectric (ferroelectric) properties at ambient temperatures. This might be attributed to oxygen vacancies induced by the volatilization of Bi, as reported for the Bi4Ti3O12 system. 9),10) Also, the reduction of Fe 3+ to Fe 2+ might strongly affect the low electrical resistivity of BiFeO3based ceramics. 11),12) Thus, improvements in the structural stability and insulating resistance of BiFeO3 are absolutely necessary for practical applications of BiFeO3.
SrTiO3 is one of the representative stable dielectric perovskite oxides, therefore, a (1-x)BiFeO3-xSrTiO3 system is expected to provide the desired structural stabilization and the characteristic electrical properties. However, a solid solution of BiFeO3 and SrTiO3 including their properties has rarely been reported. 13) , 14) On the other hand, Mn doping in the Fe site of BiFeO3 has been examined for improving insulating resistance. Mn-doped BiFeO3-based ceramics and thin films demonstrate improved dielectric properties, probably resulting from a reduced dielectric loss. 5),6),8), 15) The Mn ion has an ionic radius similar to that of the Fe ion: it is thus introduced easily into BiFeO3. 16) These results indicate that Fe-site substitution can be a good solution for fabricating BiFeO3-based ceramics with good dielectric properties. Furthermore, to achieve multiferroic BiFeO3-SrTiO3, it is also important to examine influences of Sr, Ti and Mn substituting for Bi and Fe sites on the magnetic properties of BiFeO3 ceramics. This paper describes the synthesis of perovskite (1-x)BiFeO3-xSrTiO3 (x = 0, 0.1, 0.2) ceramics by solid-state reaction. The effects of SrTiO3 content and Mn doping on crystallographic phase along with electrical and magnetic properties of the resultant BiFeO3-SrTiO3 ceramics are examined.
Experimental procedure
(1-x)BiFeO3-xSrTiO3 and Mn-doped 0.9BiFeO3-0.1SrTiO3 ceramic samples were prepared by solid-state reaction using conventional milling and firing techniques. Bi2O3, Fe2O3, SrTiO3 (Kojund Chemical Laboratory Co., Ltd.) and Mn2O3 (Kishida Chemical Co., Ltd.) were selected as starting materials. These starting oxide powders corresponding to the (1-x)BiFeO3-xSrTiO3 (x = 0, 0.1, 0.2) and y mol% Mn-doped 0.9BiFeO3-0.1SrTiO3 (y = 0, 0.4, 0.8, 1.6) compositions with 0.75 mol% of excess Bi were weighed and thoroughly mixed using stabilized ZrO2 balls in ethanol for 24 h. The mixtures were dried, pressed and calcined at 750-800°C for 2 h with a heating rate of 10°C/ min. The calcined powder compacts were ground using a planetary ball mill with a stabilized ZrO2 vessel and balls in ethanol for 1 h. The ground powder was molded and then pressed using a cold isostatic press (CIP) technique at 200 MPa. In this case, polyvinyl alcohol was used as a binder. The powder compacts subsequently sintered at 850-1000°C for 3-10 h with a heating rate of 10°C/min.
The crystallographic phase of prepared BiFeO3-SrTiO3 ceramics was characterized by X-ray diffraction (XRD) analysis using Cu Kα radiation with a monochromator (Rigaku Co., RAD RC). The microstructure of the sintered bodies was observed by scanning electron microscopy (SEM; JEOL Ltd., JSM-5600). To
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study the phase transition behavior of the BiFeO3-SrTiO3 ceramics, the ground BiFeO3-SrTiO3 powder was analyzed by differential thermal analysis (DTA; Rigaku Co., Tas-100) in air from room temperature to 900°C with a temperature ramp rate of 20°C/sec. For dielectric measurements, Ag paste was fired at 650°C for 5 min at both surfaces of the disk. Dielectric properties were evaluated with an impedance/gain-phase analyzer (SI-1260, Toyo Corp.) at room temperature. The magnetization behavior of perovskite BiFeO3-SrTiO3 crystalline powder samples was evaluated using a Superconducting Quantum Interference Device (SQUID; Quantum Design, Type-5).
Results and discussion
3.1 Crystallographic phase of prepared BiFeO 3 -SrTiO3 ceramics
crystallizes in the perovskite single phase without any formation of a second phase such as pyrochlore. On the other hand, pure BiFeO3 (x = 0) ceramics crystallize in the perovskite BiFeO3 with traces of Bi36Fe2O57 phase Fig. 1(a) . As for BiFeO3, it has always been difficult to fabricate a pure compound because of the low structural stability of perovskite BiFeO3. Formation of a similar impurity phase during fabrication of BiFeO3 has been confirmed by Wang et al. 17) However, the diffraction lines of the impurity phase disappear with the formation of solid solution with SrTiO3 Fig. 1 . Furthermore, from a supplemental figure magnified from 2θ = 31° to 33° in the figure, the crystallographic symmetry of BiFeO3-SrTiO3 changes from rhombohedral to cubic at x = 0.2. Based on these results, follow-up investigations have mainly involved rhombohedrally distorted perovskite 0.9BiFeO3-0.1SrTiO3.
Sintered density and microstructure of BiFeO 3 -SrTiO 3 ceramics
The sintered density of the BiFeO3, 0.9BiFeO3-0.1SrTiO3 and 0.8BiFeO3-0.2SrTiO3 ceramics is around 90% of theoretical value. Therefore, it is necessary to improve the sintered density of BiFeO3-SrTiO3 and, especially, 0.9BiFeO3-0.1SrTiO3 samples for the evaluation of dielectric properties. After several preliminary experiments, Mn doping was found to be quite effective in improving the sinterability of BiFeO3-SrTiO3 ceramics. The sintered density of the 0.8 and 1.6 mol% Mn-doped BiFeO3-SrTiO3 specimens is above 95% of theoretical value. Also, 0.9BiFeO3-0.1SrTiO3 samples are found to crystallize in the rhombohedral perovskite BiFeO3-SrTiO3 single phase, whereas Mn-doped BiFeO3 ceramics have a slight amount of Bi36Fe2O57 phase as described in the previous section. Figure 2 shows SEM images of y mol% Mn-doped 0.9BiFeO3-0.1SrTiO3 ceramics (y = 0, 0.4, 0.8, 1.6). The optimum sintering conditions obtaining the maximum density for 0.9BiFeO3-0.1SrTiO3 (y = 0) and 0.9BiFeO3-0.1SrTiO3 ceramics (y = 0.4, 0.8, 1.6) were found to be 950°C for 5 h and 970°C for 10 h. The 0.9BiFeO3-0.1SrTiO3 ceramics without Mn doping have grain sizes of 5 to 10 μm. As Mn content increases from 0.4 to 1.6 mol%, the average grain size decreases to 0.5-1.0 μm.
From these results, Mn ions doped into BiFeO3-SrTiO3 work effectively to suppress undesired grain growth and improve sintered density. On the other hand, the values of dielectric loss tanδ for 0.9BiFeO3-0.1SrTiO3 (y = 0) are 10-70% in the frequency range 10 2 -10 6 Hz. However, as the amount of Mn increases, the values of dielectric loss decrease notably in the high-frequency region. 1.6 mol% Mn-doped 0.9BiFeO3-0.1SrTiO3 ceramic shows the lowest dielectric loss (< 5%) over a wide frequency range (Fig. 
Dielectric properties of BiFeO 3 -SrTiO 3 ceramics

JCS-Japan
3(b)
). The insulating resistance might have greatly improved by a small amount of Mn doping. This result suggests that doped Mn prevents electron hopping (Fe 3+ →Fe 2+ ) in BiFeO3-SrTiO3, as in the case for BiFeO3-BaTiO3 ceramics reported by the authors. 6) In the figure, the most acceptable dielectric properties of 0.9BiFeO3-0.1SrTiO3 are considered for the 1.6 mol% Mndoped sample.
As for the Mn doping effect, Fang et al. report an improvement in the dielectric loss property of Fe-containing dielectrics such as Pb(Fe1/4Sc1/4Nb1/2)O3 by the addition of MnO2. 19) Fecontaining ferroelectric ceramics tend to exhibit a large dielectric loss, which is considered to correlate with a partial reduction of Fe 3+ to Fe 2+ ions during heat treatment. This decrease in dielectric loss may be due to the compensation of the charge disproportion of Fe ions caused by Mn doping. 19) The effect of Mn doping on the reduction of dielectric loss of the BiFeO3-SrTiO3 ceramics is clearly observed Fig. 3(b) . In addition, Higuchi et al. evaluated the valence state and site occupation of Mn ions in Mn-doped BiFeO3-BaTiO3 ceramics by soft X-ray absorption spectroscopy. 20) In this case, doped Mn ions are located at Fe sites as Mn 2+ . A similar condition also seems to be achieved in the Mn-doped BiFeO3-SrTiO3 ceramics in this study. Since the dielectric properties improve as described above, evaluation of the ferroelectric properties of the Mn-doped BiFeO3-SrTiO3 is important and is now in progress.
Thermal behavior of BiFeO3-SrTiO3
It is known that the Curie temperature of pure BiFeO3 is 830°C. 1) The solid solution with SrTiO3 is supposed to decrease the Curie temperature. Therefore, to confirm the ferroelectric phase-transition behaviors of BiFeO3-SrTiO3, DTA measurement was conducted on crystalline BiFeO3-SrTiO3 powders after grinding the sintered bodies, because DTA analysis is useful for detecting exo-and endothermic behavior of ferroelectrics during phase transition. Figure 4 shows DTA curves for BiFeO3 and 0.9BiFeO3-0.1SrTiO3 powders in the temperature range 600-900°C. The phase transition from ferroelectric to paraelectric is endothermic. The endothermic peak shifts from 830 (for pure BiFeO3 powder) to 760°C (for 0.9BiFeO3-0.1SrTiO3), as shown in the figure, because rhombohedral distortion of the BiFeO3 structure tends to decrease when SrTiO3 increases. In addition, the Mn-doped samples also show the same behavior. As a result, 0.9BiFeO3-0.1SrTiO3 turns out to be ferroelectric over a wide temperature range and the Curie temperature of Mn-doped 0.9BiFeO3-0.1SrTiO3 remains > 750°C. However, signals of transition corresponding to magnetic property changes of the samples were not detected in this measurement.
Magnetic properties of BiFeO3-SrTiO3
The magnetization behavior of Mn-doped BiFeO3-SrTiO3 was evaluated using a SQUID. Figure 5 shows the M-H curves of pure BiFeO3 (at 300 K), 0.9BiFeO3-0.1SrTiO3 (at 10 K and 300 K) and 1.6 mol% Mn-doped 0.9BiFeO3-0.1SrTiO3 (at 300 K) crystalline powders. For perovskite 0.9BiFeO3-0.1SrTiO3, typical M-H hysteresis loops of weak ferromagnetism are shown in Fig. 5(a) . The loop of 0.9BiFeO3-0.1SrTiO3 without Mn has a magnetization of 0.34 Am 2 /kg (0.34 emu/g) at an applied field of 2.4 MA/m (30 kOe). It also exhibits a remanent magnetization and a coercive field of 0.052 Am 2 /kg (0.052 emu/g) and 0.34 MA/m (4.27 kOe), respectively at 300 K. Moreover, the magnetization behavior under magnetic field and the values of magnetization do not change much at 10 K and 300 K as in Fig. 5(b) . A little larger induced magnetization is observed for the current BiFeO3-SrTiO3 samples than for BiFeO3 (0.3 Am 2 /kg at 2.4 MA/m) as in Fig. 5(a) . Moreover, pure BiFeO3 exhibits a very small remanent magnetization (1.1 × 10 -5 Am 2 /kg) and a coercive force (8.0 × 10 -3 MA/m (= 0.1 kOe)). This is regarded as typical anti- 
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ferromagnetic behavior, consistent with that reported by Pradhan et al. 21) These results clearly demonstrate that the BiFeO3-SrTiO3 prepared in this study can be led into a ferromagnetic state that has a remanent magnetization, unlike BiFeO3 in this study and the reported BiFeO3. 21) Similar magnetic behavior including the presence of ferromagnetism was observed in an earlier study of magnetization in BiFeO3-PbTiO3 and BiFeO3-BaTiO3 solid solution systems. 5),6),22),23) On the other hand, 1.6 mol% Mndoped 0.9BF-0.1ST powder shows a slightly larger magnetization of 0.41 Am 2 /kg at 2.4 MA/m. The Mn-doped samples were found to show the same temperature-dependent behavior as in Fig. 5(b) . In addition to the result of Fig. 5(a) , all the Mn-doped 0.9BiFeO3-0.1SrTiO3 samples (amount of Mn doping: 0, 0.4, 0.8 and 1.6 mol%) show similar M-H hysteresis loops of weak ferromagnetism at 300 K, whereas the 0.8BiFeO3-0.2SrTiO3 sample shows those without spontaneous magnetic moments. In this case, since the concentration of Mn is small, it does not affect the shape of the M-H curves and the values of magnetization and coercive force increase slightly Fig. 5(a) .
The addition of SrTiO3 increases the spontaneous moment leading to ferromagnetism in this study. The onset of ferromagnetism of BiFeO3-SrTiO3 is considered to depend upon structural distortion (rhombohedrally distorted crystal structure). 23) On the other hand, the statistical distributions of Fe 3+ and Ti 4+ ions in the octahedral sites also affect the bulk magnetization and ferromagnetism. 24) It is possible that both the structural distortion and Fe 3+ ion distribution play important roles in the onset of ferromagnetism and in the M-H characteristics (magnetic properties) of BiFeO3-SrTiO3 as in the case for BiFeO3-BaTiO3. 23) However, saturated hysteresis loops are not observed for all 0.9BiFeO3-0.1SrTiO3 samples even at a magnetic field of 2.4 MA/m. Also, BiFeO3-SrTiO3 at x = 0.2 does not show ferromagnetic character, because the crystallographic symmetry of BiFeO3-SrTiO3 changes from rhombohedral to cubic as shown in Fig. 1 . Although further optimization of the chemical composition and processing conditions is needed, rhombohedrally distorted 0.9BiFeO3-0.1SrTiO3 is found to be suitable to achieve weak ferromagnetism at ambient temperature. Since achieving stable ferromagnetism at higher temperatures is important, we intend to study magnetic properties at temperatures higher than room temperature in future.
Conclusions
Perovskite BiFeO3-SrTiO3 ceramics were successfully prepared by a solid-state reaction. In this system, diffraction peaks of the impurity phase disappear by formation of a solid solution with SrTiO3. The sintered BiFeO3-SrTiO3 bodies have relatively low densities (~90% of theoretical value) and they exhibit a high dielectric loss because of their low insulating resistance. The rhomboherally distorted perovskite structure of BiFeO3 is maintained by controlling the SrTiO3 content in BiFeO3-SrTiO3. A high Curie temperature (> 750°C) is observed for 0.9BiFeO3-0.1SrTiO3. Mn doping to BiFeO3-SrTiO3 is very effective in improving the sintered density as well as the electrical properties of the resultant ceramics. 1.6 mol% Mn-doped 0.9BiFeO3-0.1SrTiO3 ceramics exhibit both low dielectric loss and weak ferromagnetism at ambient temperatures.
